This paper presents two fabrication techniques of spiral integrated inductors based on magnetic materials. For the first one, the magnetic core is a thin film deposited by RF magnetron sputtering, for the second technique the magnetic core is a thick layer of YIG obtained by micromachining. The addition of the magnetic material is expected to improve the performances of the integrated structure with electromagnetic shield. Low and high frequency equipment are used to characterize the manufactured components. A good correlation is obtained between the results by simulation and measurements for the two manufacturing techniques. These results show that the inductance increases when the thickness of the magnetic layer increases, we can double the inductance value for a thickness sufficiently high.
Introduction
The interest of the integrated inductors and transformers, based on magnetic materials, is in a continuous evolution in order to reduce the cost and the size of high frequency passive components. They are usually used in: power conversion integrated circuits [1, 2] , RF and microwaves passive components [3] [4] [5] [6] [7] [8] [9] [10] and wireless communications devices [11, 12] . For the fabrication of such inductors, two manufacturing technologies are generally used: Micro-Electro-Mechanical Systems (MEMS) and Monolithic Microwave Integrated Circuits (MMIC). MEMS fabrication technology is derived largely from microelectronics technique. Substrates of various kinds (particularly silicon) are used; the microsystem is produced by a succession of micro-machining, photolithography and wet or dry etching [9, 11, 13, 14] . In the case of the MMIC technology, the manufacturing process involves depositing a number of successive layers of metals and dielectrics. The patterns of the deposited layers can be done by two different lithographic processes which are liftoff or etching [5, 7, 15 ]. The fabrication is followed by a characterization permitting to show the performance of the manufactured component. At low frequency, LCR-meters are generally used to measure the impedance of the device under test with RL series model. However, at high frequency, network analyzers are used. The results are deduced from S parameters [14, 15] . These results are often compared with the results of theoretical studies or simulation. The simulators used in the case of inductors are HFSS or Momentum [12, 14, 16, 17] . In this work, we propose the manufacturing processes of micro-integrated planar inductors with two types of magnetic core. The first one is a magnetic thin film of Yttrium Iron Garnet (YIG) deposited by RF magnetron sputtering [18, 19] . The second one is a thick layer of YIG obtained by micromachining of a bulk wafer. The low and high frequency characterizations are performed using two different systems. In order to reduce inductors size and to increase their performance, a magnetic material is used to canalize the field lines. For low frequency, we have used a measurement equipment composed of a LCR-meter HP4284A working from 20 Hz up to 1 MHz and a fourprobe test bench. The inductance value L has been simulated and measured for a conducting spiral inductor without and with magnetic material. For thin films of thickness less than 18 µm, L is multiplied by 1.14 and by 2 for thick layers comparing with the inductance of the coreless conducting spiral inductor. We have noticed also that there is a very good correlation between the simulated and the measured values of L.
Design of the component
To design the integrated inductor structure, we have used the electromagnetic simulation software HFSS marketed by ANSOFT. This software uses the finite element method. The studied structure is a thin film of copper having the shape of a spiral ribbon. The geometrical characteristics are defined as follows: the number of turns (N), the ribbon width (R), the distance between two consecutive turns (D), the thickness of YIG film (E YIG ), the thickness of copper ribbon (E Co ) and the substrate thickness (E sub ) ( Fig. 1 and Fig. 2 ). After studying different spiral shapes of the coil (square, circular and octagonal) and different number of turns, the design of figure  1 has given the better results [17] . Two types of structures have been studied: a square spiral inductor without magnetic material (Fig.2a ) and with YIG layers of different thicknesses (Fig. 2b) . To assess the contribution of the magnetic material, experimental and numerical studies are presented and compared. The shape and the dimensions of the mask permitting to manufacture the spiral inductor of figure 1 were obtained using HFSS simulator. For the dimensions, we have chosen N = 7, R = 125 µm and D = 60 µm. The magnetic material (YIG) and the substrate (Al 2 O 3 ) are used in our Laboratory for their interests in radio-frequency and micro-wave fields. 
Fabrication of the integrated inductor with thin magnetic film
In this section, we describe the main steps for the fabrication of an integrated inductor with thin magnetic film obtained by RF sputtering. These steps are performed as follows: -Deposition of the magnetic layer on the alumina substrate.
-Annealing of the deposited film necessary to obtain a crystalline magnetic material.
-Deposition of the copper film on the magnetic layer.
-Photolithography and wet etching necessary to obtain the pattern of the spiral inductor.
-And finally, the wire bonding for the terminal connections.
Deposition, annealing and characterization of the magnetic thin film
Magnetic films are deposited on alumina substrate of controlled roughness by RF magnetron sputtering. This technique is well suited for deposition of conductive and insulating material as copper and YIG respectively. The main parameters of the deposition are given in table 1. These deposition conditions allow obtaining, on alumina substrate YIG films, thicknesses range from 1 to 18 µm, this thickness depends on the duration of the deposit. After deposition, the layers obtained are amorphous and therefore not magnetic. To obtain magnetic properties, YIG films have to be annealed at 740 °C for 2 hours. This annealing is performed in an oven allowing both slow rise and fall times (several hours) to reduce the risk of cracking due to thermal stresses. Morphological, crystallographic and magnetic characterizations of the obtained YIG films are then done. The thickness of the layer is measured by using a profilometer while images obtained by a Scanning Electron Microscope (SEM) permit to check the quality of the films surface [20] . The crystallographic characterization of YIG layers is obtained by X-ray diffraction (XRD). This method allows identifying the different crystalline phases of the deposited layers but also their concentrations. Figure 6 shows the X-ray pattern of a YIG film having a thickness of 12.4 µm and annealed at 740 °C for 2 hours. The XRD pattern shows that annealed films are pure phase; with significant peaks being indexed with reference card JCPDS 43-0507 of YIG. 
Deposition of the copper film, photolithography and wet etching to obtain the final pattern of the spiral inductor
After the characterization of the deposited YIG thin film, we deposit a copper layer whose thickness is chosen according to the desired application (usually between 1 and 20 µm). The conductive material (copper); deposited by RF sputtering, has been chosen for its high electrical conductivity. For this reason, we have measured by Van der Paw method, the resistivity of the deposited copper film of 5 µm thick. We have measured a resistivity of 2.6×10 -8 Ω m that is slightly higher than the resistivity of bulk copper (1.7 ×10 -8 Ω m).
The realization of the spiral shape is obtained in a clean room by the conventional photolithography technique that can be summarized succinctly as follow: -Deposition of a photoresist by spin coating (SPR 505).
-Annealing at 110 °C using a hot plate for 90 s.
-UV exposure during 12 s.
-Second annealing at 110°C using an oven for 90 s.
-Revelation and final annealing at 110 °C using an oven for 4mn. This is followed by wet etching in a solution of ferric chloride at 30 °C. The etching time depends on the concentration of ferric chloride, the temperature of the solution and the thickness of the deposited layer. The etching is generally performed in less than 1 minute.
Fabrication of the integrated inductor with thick magnetic film
The deposition of magnetic layers by RF magnetron sputtering has important advantages concerning the purity of the obtained thin films and the high deposition rate compared to the other techniques. But this deposition rate remains low to obtain thick magnetic layers during a reasonable time (a few hundredths of microns in order to have significant effects on the inductance value). On the other hand it is quite unrealistic to expect obtaining such thick layers.
To use thicknesses between 50 and 500 µm, the implementation of commercial substrates was chosen. In this section we present the process of manufacturing of inductors on thick layers obtained by micromachining.
The fabrication process includes the following main steps: -Preparation of YIG substrate by micromachining (grinding and polishing).
-Deposition of copper layer on the YIG substrate by RF magnetron sputtering.
Preparation of YIG substrate by micromachining
We wish obtaining a thick film of YIG (substrate of several tens of microns to several hundred microns) from a bulk plate having a thickness of about 1 mm. As the YIG (ferrite) is brittle to be manipulated by micromachining; the ferrite plate is stuck on a glass substrate. For this sticking, two types of glue are used depending if the YIG plate will be peeled off from the glass substrate or not. We proceed then to the grinding of the YIG plate in order to obtain the desired thickness. The final thickness could be controlled with a high accuracy (a few microns). The substrate roughness has an influence on the electromagnetic properties, but also on the mechanical properties of the components [20] . The effect of roughness on performance of biosensors was fully addressed for plane biosensors and gratings [23] . After grinding, the samples present a mediocre surface state. The measured roughness R a (arithmetic mean value) ranges from 200 nm to 500 nm. For this reason the grinding is then followed by polishing that permits to obtain a better surface quality sufficient to achieve planar patterns by photolithography. A high roughness allows a very good adhesion of the conductive layer to be deposited, but this high adhesion, introduce difficulties in the step of etching. To simplify the manufacturing process by avoiding the deposition with high adhesion, a roughness of several tens of nm is a compromise between adherence and quality of etching. The grinding is performed with a machine having ¼ µm diamond suspension. A period of grinding of about 20mn is enough to obtain the desired roughness.
Morphological and magnetic characterization of the YIG substrate
After manufacturing the YIG substrate we have done the morphological characterization by studying the roughness of the sample surface. Figure 5 illustrates two types of roughness measurements of the surface obtained before polishing. The first one corresponds to a measurement using a profilometer and the second one have been performed by Atomic Force Microscopy (AFM). To perform the magnetic characterization of the micromachined substrate of YIG, we have used the VSM technique. Figure 7 shows the hysteresis curves obtained by VSM for a thick layer of YIG prepared by micromachining. The saturation magnetization of thick layer is about 175 mT and the coercive force is about 0.5 kA/m. This value is very closed to the saturation magnetization of the bulk YIG. A shape effect is observed, corresponding to the magnetic applied field during the measurement. 
Deposition of the copper micro-inductor in its spiral shape
After these characterizations of the micro-machined YIG substrate a spiral micro-inductor of copper have been deposed on it, as in the section 3.2. To connect by a conducting wire, the central end of the spiral with the terminal connection of the inductor, we have used the bonding technique. Figure 8 shows the manufactured spiral micro-inductor with thick YIG layer. 
Equipment for inductance measurement
The measurement of the inductance of the manufactured micro-integrated inductors is a very important step of our study. This inductance has been measured as a function of the thickness of the magnetic material and of the frequency. Two types of equipment have been used depending on the frequency range.
Low frequency equipment
For low frequency, we have used equipment composed of a LCR-meter (HP 4284A) and a four probe test bench. The LCR-meter is an impedance bridge permitting to measure with accuracy the real and the imaginary parts of the impedance or the admittance of the Device Under Test (DUT). It permits, with the four probe test bench, to eliminate the effect of parasitical impedances and connection cables by using the SHORT correction.
High frequency equipment
For high frequency, we have used an equipment composed of a vector network analyzer of Agilent N5230A associated with a high frequency probing tester. It permits to measure dispersion parameters in two ports with OSL calibration (Open-Short-Load) permitting to correct errors due to cables, probes and connections. The conversion of dispersion parameters into inductance is done using RL series in parallel with the parasitic capacitance C model.
Results and discussion

Micro-integrated inductor with YIG layer
The measured inductance of the manufactured spiral integrated inductor without magnetic core is about 100nF. The inductance is multiplied by 1.14 when the same inductor is deposited on a thin YIG layer of thickness about 17 µm. This increasing of the inductance remains modest because the magnetic field lines are not well guided by the magnetic thin YIG core. This result justifies the fabrication of the second type of integrated inductor on a micro-machined plate of YIG. In this case and for thick magnetic YIG layers (thickness of few hundreds of microns), the inductance is multiplied by 2 compared to coreless micro-inductor. Figure  9 presents the inductance as a function of thickness for the micro-machined structures at low frequency (1MHz). For these thicknesses, the field lines are well guided by the magnetic material and the maximum measured inductance is two times higher than the micro-inductor without magnetic material. The layer thickness has any influence over 200 µm.
The field lines are canalized. The inductance is near of the one obtained by Yaya [24] . frequency increases. This phenomenon could be explained by the fact that the permeability decreases by the increasing of the frequency. Same results are observed for thin magnetic films, but the decreasing of the measured inductance is less noticeable. However, the simulated values of the inductance remain practically constant because the permeability is maintained constant during the simulation for all frequencies [25] . By comparing results obtained for thin and thick magnetic layers with the inductance without magnetic material ( fig.  10 ), we noticed that by using the micro-machined thick layer permits to double the value of the inductance as shown in figure 9 . However, for thin magnetic films a ratio of 1.14 is obtained. The YIG magnetic permeability decreases with the frequency increasing.
Conclusion
In this work, we have manufactured two types of integrated inductor with magnetic material by micromachining for thick layers and by RF sputtering techniques for thin films. The spiral shape of copper was obtained by microelectronics technique. Characterizations obtained at high and low frequencies have to highlight the influence of the magnetic layer thickness on the performance of the inductors. Inductance measurements have shown that magnetic thin films deposited by RF sputtering permit to increase the inductance value, but the effect remains weak; a ratio of 1.14 for a thickness of 17 µm of YIG is obtained by comparison with the coreless micro-inductor. For this reason we have used thick micro machined YIG layers permitting to double the inductance value. This technique of micro-machining is done by gluing, sawing, grinding and polishing of a YIG substrate followed by morphological, crystallographic and magnetic characterizations. We have also compared the measured and simulated results to validate our original techniques of the integrated spiral inductor with thin and thick layers.
